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Durability  of  polymer  exchange  membrane  (PEM)  fuel  cells  under  a  wide  range  of  operational  condi¬ 
tions  has  been  generally  identified  as  one  of  the  top  technical  gaps  that  need  to  be  overcome  for  the 
acceptance  of  this  fuel  cell  technology  as  a  commercially  viable  power  source,  especially  for  automotive 
and  portable  applications.  In  this  study,  a  1200  h  lifetime  test  was  conducted  with  a  six-cell  PEM  fuel 
cell  stack  under  close  to  open-circuit  conditions.  In  situ  measurements  of  the  hydrogen  crossover  rate 
through  the  membrane,  high  frequency  resistance  and  electrochemically  active  surface  area  of  each  single 
cell,  in  combination  with  cell  polarization  curves,  were  used  to  investigate  the  degradation  mechanisms. 
Direct  gas  mass  spectrometry  of  the  cathode  exhaust  gas  indicated  the  formation  of  HF,  H2O2  and  CO2 
during  the  durability  testing.  The  overall  cell  degradation  rate  under  this  accelerated  stress  testing  is 
approximately  0.128  mV  h-1.  The  cell  degradation  rate  for  the  first  800  h  is  much  lower  than  that  after 
800  h,  which  may  result  from  the  dominance  of  different  degradation  mechanisms.  For  the  first  period, 
the  degradation  of  fuel  cell  performance  was  mainly  attributed  to  catalyst  decay,  while  the  subsequent 
dramatic  degradation  is  likely  caused  by  membrane  failure. 

Crown  Copyright  ©  2009  Published  by  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  years,  with  potential  to  replace  the  internal  com¬ 
bustion  engine  in  light-duty  vehicles,  proton  exchange  membrane 
(PEM)  fuel  cells  have  attracted  much  attention  due  to  various 
advantages,  such  as  fast-start  capability  and  low  temperature  oper¬ 
ation.  However,  PEM  fuel  cell  durability,  especially  under  a  wide 
range  of  operational  conditions,  is  still  one  of  the  current  limita¬ 
tions  preventing  its  wide  scale  commercialization  as  a  practical 
power  source.  More  thorough  studies  on  components  and  the  anal¬ 
ysis  of  system  failure  modes  are  currently  imperative  due  to  the 
integrated  nature  of  the  issues.  A  fuel  cell  stack  is  a  complicated 
system  comprised  of  various  components  for  which  the  degrada¬ 
tion  mechanisms,  component  interactions,  and  effects  of  operating 
conditions  need  to  be  fully  understood  prior  to  commercializa¬ 
tion. 

However,  so  far  only  a  relatively  small  number  of  studies  aim¬ 
ing  at  real  PEM  fuel  cell  lifetimes  have  been  conducted,  owing 
to  the  high  costs  and  prolonged  testing  periods  required.  Mean¬ 
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while,  various  ex  situ  accelerated  tests  have  been  proposed  and 
implemented  to  explore  degradation  mechanisms  of  individual 
components  in  PEM  fuel  cells.  For  example,  Fenton’s  test,  using  a 
H202  solution  containing  a  trace  amount  of  Fe2+,  has  been  com¬ 
monly  employed  as  an  ex  situ  method  to  analyze  the  chemical 
degradation  of  membranes  [1,2].  Also,  the  stress-strain  test  [3]  and 
relative  humidity  (RH)  cycling  [4]  have  always  been  selected  as 
accelerated  means  for  understanding  the  mechanical  degradation 
of  membranes. 

The  research  progresses  on  PEM  fuel  cell  durability  and  degra¬ 
dation  have  been  reviewed  from  many  different  perspectives.  The 
review  of  Borup  et  al.  [5]  concentrated  on  the  fundamental  aspects 
of  PEM  fuel  cell  degradation  mechanisms.  Shao  et  al.  [6]  and  Zhang 
et  al.  [7]  paid  attention  to  the  material  challenges  to  developing 
durable  high  temperature  PEM  fuel  cells,  including  electrocatalysts, 
carbon  supports,  membranes,  polymers,  and  bipolar  plates.  In  more 
recent  reviews,  Zhang  et  al.  [8]  and  de  Bruijn  et  al.  [9]  introduced 
in  detail  the  methods  to  accelerate  performance  decay  and  com¬ 
ponent  damage  from  both  chemical  and  mechanical  perspectives. 
While  in  our  recent  review  [10],  the  existing  strategies  for  improv¬ 
ing  the  lifetime  of  the  fuel  cell  components  were  summarized. 

In  order  to  increase  sample  throughput  and  reduce  the  exper¬ 
imental  time  required,  different  undesirable  operating  conditions 
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have  been  utilized  as  the  in  situ  accelerated  stressors,  such  as  load¬ 
ing  cycling  [11,12],  start-stop  cycles  [13],  low  relative  humidity 
(RH)  [14,15]  or  RH  cycling  [4],  freeze-thaw  cycles  [16]  as  well  as 
fuel  [17,18]  or  air  starvation  [19].  Open-circuit  (OC)  operation  has 
also  been  recognized  as  an  effective  stressor  for  accelerated  test¬ 
ing  in  PEM  fuel  cell  durability  studies  and  the  accelerated  effects 
of  OC  operation  on  the  degradation  of  PEM  fuel  cell  components 
including  PEM  and  catalyst  layer  have  been  investigated  [20-24]. 
Whereas,  little  attention  has  been  paid  to  the  performance  degra¬ 
dation  of  a  PEM  fuel  cell  under  close  to  OC  conditions  when  only 
idle  auxiliary  load  power  is  drawn  from  the  power  supply  with  a 
relatively  high  fuel  cell  potential  of  around  0.9  V  [25].  The  durability 
and  reliability  under  idle  conditions  is  a  vital  and  practical  factor  for 
the  acceptance  of  the  fuel  cell  technology  as  a  commercially  viable 
power  supply,  especially  for  automotive  and  portable  applications. 
With  regard  to  vehicles,  for  example,  the  idle  time  may  amount  to 
several  thousand  hours  over  the  lifetime  of  the  fuel  cell  [25]. 

In  this  study,  a  1200h  lifetime  test  with  a  six-cell  PEM  fuel  cell 
stack  was  conducted  under  close  to  OC  conditions.  After  every  300  h 
of  testing,  one  cell  was  taken  out  of  the  stack  for  further  analysis 
of  the  membrane  electrode  assembly’s  (MEA’s)  degradation.  During 
the  testing,  various  in  situ  electrochemical  and  chemical  diagnostic 
tools  were  utilized,  such  as  polarization  curves,  cyclic  voltammetry 
(CV),  linear  sweep  voltammetry  (LSV),  electrochemical  impedance 
spectroscopy  (EIS)  and  direct  gas  mass  spectrometry  (DGMS).  As 
a  result,  the  overall  degradation  rate  under  this  accelerated  stres¬ 
sor  could  be  obtained  and  the  change  in  fuel  cell  properties  with 
time,  such  as  electrochemically  active  surface  area  (ECA),  hydro¬ 
gen  crossover  rate  through  the  membrane,  and  ohmic  resistance 
could  be  measured.  Based  on  the  experimental  data,  the  degrada¬ 
tion  mechanisms  of  fuel  cells  under  close  to  OC  conditions  were 
explored. 

2.  Experimental 

2.1.  Fuel  cell  materials  and  testing  apparatus 

A  six-cell  Tandem®  TP50  fuel  cell  stack  (Tandem  Tech.  Ltd., 
Canada)  was  utilized  for  performing  the  PEM  fuel  cell  degradation 
testing  under  close  to  OC  conditions.  For  each  single  cell,  the  active 
area  was  50  cm2  with  a  single  serpentine  channel  for  the  anode 
flow  field  and  dual  parallel  serpentine  channels  for  the  cathode 
flow  field.  The  Sigracet®  gas  diffusion  media,  25  BC  and  25  DC  with 
microporous  layers  (SGL  Carbon,  Germany),  were  used  as  the  cath¬ 
ode  and  anode  gas  diffusion  layers  (GDL),  respectively.  The  MEA 
was  assembled  by  sandwiching  Gore™  PRIMEA®  series  57  cata¬ 
lyst  coated  membranes  (CCMs),  with  0.4mgPtcm-2  Pt/C  loading, 
between  of  the  anode  and  cathode  GDLs.  Polyimide  film  with  sil¬ 
icon  adhesive  on  one  side  was  used  as  the  sub-gasket  to  protect 
the  edges  of  the  CCM.  Homemade  die  cutters  were  used  to  cut  the 
GDLs,  CCMs  and  sub-gaskets  and  the  polyimide  sub-gaskets  were 
bonded  to  both  sides  of  the  CCM,  forming  an  active  area  of  50  cm2. 

The  durability  testing  under  close  to  OC  conditions  was  carried 
out  on  a  500  W  Fuelcon®  test  station  (Fuelcon  Inc.,  Germany).  Dur¬ 
ing  the  testing,  the  six-cell  fuel  cell  stack  was  operated  at  a  constant 
current  of  0.5  A  (10mA cm-2).  This  relatively  low  current  density 
was  chosen  in  this  experiment  as  a  consequence  of  the  high  aver¬ 
age  cell  voltage  of  around  0.9  V  at  the  beginning  of  life  (BOL).  The 
fuel  cell  stack  temperature  was  kept  at  70  °C  and  air  and  hydro¬ 
gen  were  fully  humidified  at  70  °C  prior  to  their  delivery  into  the 
fuel  cell.  The  flow  rates  for  air  and  hydrogen  were  set  at  2.0  and  0.5 
standard  liters  per  minute  (SLPM),  respectively.  After  every  300  h  of 
operation,  one  cell  was  randomly  taken  out  of  the  stack  for  further 
ex  situ  analysis  and  the  remaining  cells  continued  the  degradation 
testing  under  close  to  OC  conditions. 


2.2.  In  situ  electrochemical  and  chemical  measurements 

Besides  the  fuel  cell  performance  test,  before  and  after  every 
lOOh  of  operation,  CV,  LSV,  and  EIS  measurements  were  con¬ 
ducted  to  determine  the  ECA  of  the  cathode  electrode,  the  hydrogen 
crossover  rate,  and  fuel  cell  internal  resistance,  respectively.  Dur¬ 
ing  the  polarization  curve  measurement,  the  stack  was  operated 
at  70  °C  and  fully  humidified  air  and  hydrogen  were  supplied  to 
the  stack  at  stoichiometries  of  2.5  and  1.5,  respectively.  When  the 
CV,  LSV,  and  EIS  measurements  were  performed,  the  testing  stack 
was  also  kept  at  70  °C  and  fully  humidified  hydrogen  and  nitro¬ 
gen  were  introduced  to  the  anode  and  cathode  at  constant  flow 
rates  of  3.0  and  3.3  SLPM,  respectively.  For  the  CV  test,  a  Solartron 
1287  electrochemical  interface  (Solartron  Instrument,  US)  was  uti¬ 
lized  and  the  voltage  sweep  was  controlled  in  a  range  of  0.04-1.0  V 
with  a  sweep  rate  of  20mVs-1.  For  the  LSV  measurement,  the 
potential  of  the  cathode  was  linearly  swept  from  0.05  to  0.4  V 
against  the  anode  at  a  rate  of  1  mV  s-1.  The  EIS  measurement  was 
also  carried  out  at  open-circuit  potential  using  a  Solartron  1260 
frequency  response  analyzer  (Solartron  Instrument,  US)  together 
with  the  Solartron  1287  electrochemical  interface.  A  small  alter¬ 
nating  voltage  perturbation  (5  mV)  was  imposed  on  the  cell  over  a 
range  of  frequencies  from  3000  to  10  Hz  and  the  real  component 
of  the  resulting  impedance  represented  the  ohmic  resistance  of  the 
cell.  During  the  durability  testing,  the  exhaust  air  was  character¬ 
ized  by  an  on-line  HPR-20  quadrupole  mass  spectrometer  (Hiden 
Analytical,  England)  in  30  min  intervals  to  monitor  the  possible 
degradation  products. 

3.  Results  and  discussion 

3.1.  Performance  degradation  of  the  stack 

The  polarization  curve  of  each  cell  prior  to  durability  testing  and 
the  average  performance  of  six  cells  are  depicted  in  Fig.  1.  The  BOL 
performances  of  the  six  single  cells  were  quite  close.  As  shown  in 
Fig.  1,  the  performance  difference  between  the  six  cells  is  less  than 
1 .0%  in  the  range  of  low  current  densities  (less  than  500  mA  cm-2 ), 
and  the  difference  is  only  0.67%  when  the  stack  current  density  was 
controlled  at  10  mA cm-2.  In  the  range  of  high  current  densities, 
the  differences  increase  slightly,  which  is  likely  attributed  to  the 
maldistribution  of  the  reactants  among  the  different  cells  in  the 
stack. 

The  voltage  changes  of  the  cells  with  time  under  close  to  OC 
conditions  are  presented  in  Fig.  2.  Interruptions  during  the  testing 
resulted  from  unexpected  shutdowns  of  the  power  or  gas  supply  in 
the  lab.  After  1 200  h  of  operation,  the  testing  was  terminated  owing 
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Fig.  1.  Polarization  curves  of  each  cell  in  the  stack  prior  to  the  degradation  test: 
cell  temperature  at  70  °C;  humidifier  temperature  of  air/hydrogen  at  70/70  °C;  gas 
pressure  of  air/hydrogen  at  atmosphere;  stoichiometries  of  air/hydrogen  at  2. 5/1. 5. 


J.  Wu  et  al.  /  Journal  of  Power  Sources  195  (2010)  1171-1176 


1173 


Degradation  time  /  h 


Fig.  2.  The  change  of  each  cell  voltage  and  the  average  voltage  of  the  stack  with  time 
under  close  to  OC  conditions:  cell  temperature  at  70  °C;  humidifier  temperature  of 
air/hydrogen  at  70/70  °C;  gas  pressure  of  air/hydrogen  at  atmosphere:  flow  rates  of 
air/hydrogen  at  2.0/0.5  SLPM. 

to  the  low  performance  and  elevated  hydrogen  crossover  rate 
through  the  MEAs.  The  overall  degradation  rate  for  the  stack  under 
close  to  OC  conditions  is  0.1 28  mV  h- 1  and  it  is  worth  noting  that  the 
degradation  rate  from  the  first  800  h  was  much  lower  than  that  after 
800  h,  as  depicted  in  Fig.  2.  During  the  first  800  h  of  operation,  the 
average  performance  of  the  stack  slowly  decreased  from  0.914  to 
0.81 9  V  and  the  degradation  rate  was  approximately  0.1 1 9  mV  h- 1 . 
While  after  about  800  h  running,  an  accelerated  decrease  from 
0.864  to  0.760  V  in  400  h  was  observed,  and  the  voltage  decay  rate 
reached  0.260  mV  h-1. 

3.2.  Electrochemical  and  chemical  characterization  during 
degradation  testing 

CV  measurements  were  carried  out  intermittently  with  each  cell 
of  the  stack  and,  accordingly,  the  ECA  of  each  cathode  catalyst  layer 
was  obtained  based  on  the  hydrogen  desorption  peak  on  CV  curves. 
The  changes  in  the  ECA  of  each  cell  and  the  average  ECA  of  the  stack 
with  time  are  demonstrated  in  Fig.  3.  It  can  be  seen  that  the  ECA 
changes  for  all  the  cells  follow  a  similar  trend  and  under  our  operat¬ 
ing  conditions,  the  average  ECA  of  the  stack  decreases  slowly  from 
0.037  C  cm-2  at  BOL  to  0.021  Ccm-2  at  800  h.  Several  reasons  may 
account  for  this  gradual  decrease  in  the  ECA  of  the  catalyst  layer. 
The  corrosion  of  the  catalyst  carbon  support  can  decrease  the  num¬ 
ber  of  sites  available  to  anchor  the  catalyst,  leading  to  aggregation 
of  catalyst  particles  and  a  reduction  of  the  ECA,  which  is  confirmed 
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Fig.  3.  The  ECA  change  of  each  cell  with  time  of  1200  h:  cell  temperature  at 
70  °C;  humidifier  temperature  of  nitrogen/hydrogen  at  70/70  °C;  flow  rate  of  nitro¬ 
gen/hydrogen  at  3.3/3.0  SLPM. 


Fig.  4.  The  change  of  hydrogen  crossover  rate  through  the  membrane  of  each  cell 
with  time  of  1200  h:  the  operating  conditions  are  the  same  as  those  in  Fig.  3. 


by  the  DGMS  result  below.  As  for  this  study,  carbon  corrosion  will 
be  much  more  pronounced  as  a  result  of  the  relatively  high  cell 
voltage.  In  addition  to  the  carbon  support  corrosion,  the  coarsen¬ 
ing  of  the  catalyst  due  to  particle  movement  and  coalescence  on 
the  carbon  support  can  also  cause  the  catalytically  active  surface 
area  to  decrease  during  durability  testing  [26,27].  Finally,  the  slow 
dissolution  of  the  Nafion®  resin  in  the  catalyst  layer  during  long¬ 
term  contact  with  water  is  unavoidable.  The  fluoride  emission  rate 
(FER)  from  effluent  water  has  been  considered  evidence  of  Nafion® 
degradation  [24].  However,  this  process  is  difficult  to  distinguish 
from  the  degradation  of  PEM  due  to  its  integrity.  The  loss  of  the 
polymer  resin  may  cause  some  Pt  catalyst  to  be  unavailable  for 
electrochemical  reaction  and  consequently  reduce  the  ECA  of  the 
catalyst  layer.  A  speedy  decay  from  0.021  to  0.002  C  cm-2  in  the 
subsequent  400  h  can  be  seen  in  Fig.  3,  which  is  likely  ascribed  to 
the  hydrogen  crossover  and  membrane  degradation,  as  described 
below  in  the  LSV  analysis. 

At  every  lOOh,  an  LSV  measurement  was  conducted  with  each 
cell  and  the  hydrogen  crossover  rate  was  determined  by  the  hydro¬ 
gen  oxidation  current  density  obtained  in  the  300-350  mV  range 
of  the  voltammogram.  In  this  voltage  range,  the  current  density  is 
limited  by  the  direct  oxidation  of  permeated  hydrogen  across  the 
membrane  at  the  cathode,  which  is  free  from  the  effects  of  hydro¬ 
gen  adsorption/desorption  on  catalyst  [28].  The  change  of  hydrogen 
crossover  current  density  through  the  membrane  with  time  is 
demonstrated  in  Fig.  4.  During  the  fuel  cell  degradation,  the  average 
hydrogen  crossover  current  density  of  the  stack  slightly  increases 
from  1 .84  mA  cm-2  at  BOL  to  2.1 5  mA  cm-2  at  800  h.  Subsequently, 
the  average  hydrogen  crossover  rate  significantly  increases  to 
9.54  mA  cm-2  at  1 000  h  and  ultimately  to  20.71  mA  cm-2  at  1 200  h. 
After  1000  h  of  degradation,  cell  6  had  to  be  taken  out  of  the  stack 
due  to  its  abnormally  low  performance,  which  could  be  ascribed 
to  the  extremely  low  ECA  and  high  hydrogen  crossover  rate.  As 
shown  in  Figs.  3  and  4,  the  ECA  of  its  catalyst  layer  is  quite  low 
(0.0034 C cm-2)  and  hydrogen  crossover  current  density  is  quite 
high  (8.62  mA  cm-2 )  at  1 000  h. 

EIS  of  each  cell  was  monitored  periodically  during  the  degrada¬ 
tion  testing  and  its  change  with  time  is  shown  in  Fig.  5.  It  can  be 
seen  that  there  is  a  slight  increase  in  average  ohmic  resistance  from 
31 .3  m£2  at  the  beginning  to  35.5  m£2  at  1 200  h,  which  implies  that 
severe  delamination  or  collapse  did  not  occur  in  the  MEAs  during 
the  1200  total  operating  hours.  As  for  the  impedance  spectra  of  a 
PEM  fuel  cell,  the  real  component  of  the  high  frequency  end  of  the 
kinetic  arc  is  mainly  due  to  the  electronic  and  ionic  resistances  of 
the  membrane.  Additional  contributions  come  from  catalyst  layers, 
gas  diffusion  layers,  and  current  collectors.  The  chemical  degrada- 
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Fig.  5.  The  change  of  high  frequency  resistance  of  each  cell  with  time  of  1200  h:  the 
operating  conditions  are  the  same  as  those  in  Fig.  3. 


tion  of  the  electrolyte  membrane  can  result  in  membrane  thinning, 
as  described  below  in  Section  3.3,  which  not  only  leads  to  a  lower 
ohmic  resistance  but  also  correspondingly  leads  to  a  decrease  in 
ionic  conductivity.  Moreover,  carbon  corrosion  due  to  a  combina¬ 
tion  of  high  cell  voltage  and  prolonged  operation  may  play  a  role  in 
the  total  resistance  increase. 

In  situ  DGMS  analysis  was  carried  out  for  the  cathode  exhaust 
gas  every  30  min  in  order  to  identify  the  gas  components  resulting 
from  the  degradation  processes.  The  final  results  showed  that  the 
gas  composition  was  not  consistent  during  the  testing  and  Fig.  6a 
and  b  obtained  at  539  and  1052  h,  respectively,  were  selected.  The 
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Fig.  6.  The  exhaust  gas  components  obtained  at  (a)  539  h  and  (b)  1052  h,  respec¬ 
tively:  the  operating  conditions  are  the  same  as  those  in  Fig.  2. 


Fig.  7.  Average  performance  change  of  the  PEM  fuel  cell  stack  with  time:  (A)  BOL, 
(B)  100  h,  (C)  200  h,  (D)  300  h,  (E)  400  h,  (F)  500  h,  (G)  600  h,  (H)  700  h,  (I)  800  h,  (J) 
900  h,  (K)  lOOOh,  (L)  llOOh,  and  (M)  1200  h.  The  operating  conditions  are  the  same 
as  those  in  Fig.  1. 


baseline  was  also  acquired  by  DGMS,  keeping  the  same  air  flow  rate 
and  relative  humidity  as  the  degradation  testing  but  bypassing  the 
fuel  cell  stack.  As  shown  in  Fig.  6a  and  b,  the  molecular  weights  of 
20, 28, 34  and  44  were  detected,  which  can  be  assigned  to  HF,  CO  or 
N2,  H202  and  C02,  respectively  [29].  C02  is  an  evidence  of  carbon 
corrosion  and  the  presence  of  H202  can  be  ascribed  to  the  trig¬ 
ger  of  membrane  degradation.  In  the  presence  of  impurity  cations 
such  as  Fe2+  and  Cu2+  ions,  H202  decomposes  to  peroxide  (HO  ) 
and  hydroperoxide  (HOO  )  radicals,  and  these  radicals  will  attack 
the  susceptible  electrolyte  polymer  with  residual  H-containing 
terminal  bonds  at  the  end  group  sites  and  initiate  membrane 
decomposition  [1].  The  chemical  degradation  strongly  accelerates 
membrane  thinning  and  performance  decay  of  a  PEM  fuel  cell. 
Compared  with  Fig.  6a  obtained  at  539  h,  Fig.  6b  shows  more  com¬ 
plicated  gas  components  such  as  H2S03  (molecular  weight  of  82), 
which  can  be  attributed  to  the  elevated  temperature  caused  by  the 
highly  exothermic  combustion  of  hydrogen  and  air,  resulting  in 
thermal  degradation  of  the  membranes,  polymer  resin  and  poly- 
tetrafluoroethylene  (PTFE)  in  the  MEAs. 

3.3.  Exploration  of  the  degradation  mechanisms 

The  accelerated  degradation  after  800  h  of  operation  is  pro¬ 
nounced  when  the  average  performance  change  of  the  PEM  fuel 
cell  stack  is  demonstrated  over  time,  as  shown  in  Figs.  7  and  8  g.  For 
the  first  800  h,  the  average  performance  decreases  gradually  with 
time,  while  it  deteriorates  sharply  for  the  following  400  h  until  the 
catastrophic  failure  of  the  fuel  cell  stack  at  1200  h.  It  is  worth  not¬ 
ing  that  even  for  the  first  800  h,  the  degradation  rate  of  each  cell 
at  different  cell  voltages  is  clearly  different,  as  shown  in  Fig.  8.  As 
for  the  open-circuit  voltage  (OCV),  it  can  be  observed  that  there  is 
a  slight  decrease  from  0.989  to  0.956  V  in  the  first  stage  of  opera¬ 
tion.  The  OCV  at  BOL  was  0.989  V,  which  is  a  little  lower  than  the 
theoretical  potential  (1.191  V  at  70  °C)  [30].  The  difference  in  OCV 
is  caused  mainly  by  two  factors:  one  is  the  mixed  potential  of  the 
Pt/PtO  catalyst  surface,  and  the  other  is  hydrogen  crossover  [31]. 
The  reaction  of  the  oxide  film  formation  on  the  Pt  catalyst  surface  is 
reversible  and  hence  it  is  not  an  essential  degradation  phenomenon 
[32].  Since  the  operating  conditions  were  fixed  during  the  degra¬ 
dation  testing,  the  loss  in  OCV  due  to  the  partial  oxidation  of  Pt 
catalyst  should  have  been  stable  and  had  no  appreciable  influence 
on  OCV  change  over  time.  Consequently,  the  slight  reduction  in 
OCV  in  the  first  800  h  can  be  attributed  to  the  increased  hydrogen 
crossover  current  density  from  1.84  to  2.15  mA  cm-2,  as  shown  in 
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Fig.  8.  Average  cell  voltage  change  with  time  at  different  current  densities:  (A) 
OmA cm-2,  (B)  200  mA cm-2,  (C)  400mAcirr2,  (D)  600  mA cm-2,  (E)  800  mA cm-2, 
(F)  1000  mAcirr2,  and  (G)  1200  mAcirr2.The  operating  conditions  are  the  same  as 
those  in  Fig.  1. 

Fig.  4.  The  hydrogen  that  crossed  over  could  react  with  oxygen  to 
produce  a  corresponding  cathodic  current  density,  resulting  in  a 
depression  of  the  cathode  potential  and  elevated  cathode  overpo¬ 
tential.  However,  the  resulting  performance  decay  is  more  drastic 
at  higher  average  cell  current  densities.  For  example,  a  dramatic 
drop  can  be  observed  from  0.464  to  0.258  V  at  1 200  mA  cm-2  in  the 
first  800  h,  which  can  be  ascribed  to  the  decrease  of  the  ECA  of  the 
catalyst  layer,  as  demonstrated  in  Fig.  3.  In  the  range  of  high  cur¬ 
rent  densities,  the  Pt  catalyst  cannot  provide  enough  active  sites 
for  the  electrochemical  reaction  due  to  the  loss  of  ECA.  While,  for 
the  low  current  densities,  the  needed  active  sites  of  the  Pt  catalyst 
are  much  lower  than  those  at  high  current  densities,  and  therefore 
the  performance  decay  rate  is  lower. 

As  described  above,  the  chemical  reaction  on  the  anode  and 
cathode  catalysts  due  to  gas  crossover  can  produce  HO-  and  HOO- 
radicals,  which  are  generally  believed  to  be  responsible  for  chem¬ 
ical  degradation  of  the  membrane  [33,34].  Further  investigation 
has  also  revealed  that  the  generation  of  these  radicals,  as  well  as 
the  chemical  degradation  of  the  membrane,  is  accelerated  when 
the  fuel  cell  is  operated  under  high  cell  voltage  [15].  The  chemi¬ 
cal  degradation  will  cause  the  thinning  of  the  membrane,  which  in 
turn  results  in  higher  gas  crossover  rate  and  more  severe  chemi¬ 
cal  degradation.  During  the  first  800  h  of  degradation,  the  chemical 
degradation  of  the  membrane  is  not  obvious  due  to  the  extremely 
low  gas  crossover  rate.  However,  as  the  hydrogen  crossover  rate 
increases,  more  reactant  gases  will  penetrate  into  their  respective 
reverse  electrodes  and  the  mixed  potentials  in  both  cathode  and 
anode  sides  will  definitely  decrease  the  cell  performance.  Mean¬ 
while,  highly  exothermic  direct  combustion  of  H2  and  02  occurs  on 
the  catalyst  surface  and  results  in  hotspots.  The  coarsening  of  the 
catalyst  at  these  hotspots  will  be  greatly  accelerated,  which  con¬ 
sequently  leads  to  the  dramatic  loss  in  ECA  of  the  catalyst  layer 
after  800  h  of  degradation,  as  demonstrated  in  Fig.  3.  More  seri¬ 
ously,  the  hotspots  may  result  in  local  pinholes  and  perforations 
through  the  membrane,  and  if  this  happens,  a  destructive  cycle  of 
increasing  gas  crossover  and  pinhole  production  will  be  then  estab¬ 
lished,  which  undoubtedly  accelerates  thermal  degradation  of  the 
membrane  and  the  entire  stack.  As  depicted  in  Fig.  4,  the  hydro¬ 
gen  crossover  rate  starts  to  accelerate  after  about  800  h,  which  is 
most  likely  caused  by  the  formation  of  pinholes  or  perforations 
and  eventually  results  in  the  catastrophic  failure  of  the  fuel  cell  at 
1200h. 

After  1200h  of  durability  testing,  the  six  MEAs  with  different 
degradation  times  were  finally  obtained.  Ex  situ  analyses  of  the 
degraded  MEAs  are  under  investigation.  Various  ex  situ  diagnostic 
tools  including  scanning  electron  microscopy  (SEM),  transmission 


electron  microscopy  (TEM),  contact  angle  goniometry  and  infrared 
camera  are  and  will  be  employed.  The  property  changes  of  the 
GDLs,  catalyst  layers  and  membranes  during  ageing,  such  as  contact 
angle,  catalyst  particle  size,  microstructure  of  catalyst  layer,  and 
membrane  thickness  will  be  measured.  Ex  situ  diagnostic  methods, 
together  with  in  situ  data,  will  thoroughly  probe  the  degradation 
mechanisms  of  the  PEM  fuel  cell  under  close  to  OC  conditions. 

4.  Conclusions 

In  this  study,  a  1 200  h  lifetime  test  was  conducted  with  a  six-cell 
PEM  fuel  cell  stack  under  close  to  OC  conditions.  The  experi¬ 
mental  results  show  that  the  overall  cell  degradation  rate  under 
this  AST  is  approximately  0.128mVh_1.  In  situ  electrochemical 
and  chemical  diagnostic  methods,  including  polarization  curve, 
cyclic  voltammetry,  linear  sweep  voltammetry,  electrochemical 
impedance  spectroscopy,  and  direct  gas  mass  spectroscopy,  were 
employed  during  the  testing  to  explore  the  degradation  mech¬ 
anisms.  The  results  show  that  the  cell  degradation  rate  for  the 
first  800  h  is  much  lower  than  that  after  800  h,  which  may  result 
from  the  dominance  of  different  degradation  mechanisms.  The  slow 
degradation  in  the  first  stage  may  be  mainly  related  to  the  coars¬ 
ening  of  the  platinum  catalyst  and  the  following  accelerated  decay 
is  most  likely  caused  by  the  catastrophic  failure  of  the  membrane. 
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